Chromatin remodelers and their roles in chromatin organization by Strålfors, Annelie
From Department of Biosciences and Medical nutrition 
Karolinska Institutet, Stockholm, Sweden 
 
 
 
 
 
CHROMATIN REMODELERS 
AND THEIR ROLES IN CHROMATIN ORGANIZATION 
 
 
 
Annelie Strålfors 
 
 
 
 
 
 
 
 
 
 
 
 
Stockholm 2012 
  
2012
Gårdsvägen 4, 169 70 Solna
Printed by
 
 
All previously published papers were reproduced with permission from the publisher. 
 
Published by Karolinska Institutet. 
 
© Annelie Strålfors, 2012 
ISBN 978-91-7457-978-9 
 
 “If we knew what we were doing, it would 
not be called research, would it?” 
 
- Albert Einstein (1879-1955) 
ABSTRACT 
The DNA in the eukaryotic nucleus is organized into a complex DNA-protein structure 
called chromatin. The basic repeating unit of chromatin is the nucleosome, which 
consists of 147 bp of DNA wrapped around a histone protein octamer. The 
nucleosomes form a “beads on a string” structure, which can be folded into higher-
order structures that allow an extensive degree of DNA compaction. This compaction is 
so effective that 2 meters of DNA can fit into the human cell nucleus with a diameter of 
only 10 m. Hence, nucleosomes condense and organize the genome, but at the same 
time they occlude many regulatory elements essential for transcription, replication, 
repair and recombination. To ensure dynamic access to packaged DNA, cells have 
evolved a set of proteins called chromatin remodeling complexes, which actively 
restructure chromatin. These enzymes use the energy from ATP hydrolysis to unwrap, 
slide, and eject nucleosomes. 
 
This thesis describes the roles of two families of ATP-dependent chromatin 
remodeling factors in chromatin regulation and organization in the model organism 
Schizosaccharomyces pombe (fission yeast).   
 
We show that the CHD remodeling factor, Hrp1, promotes incorporation of the H3 
histone variant CENP-ACnp1 at centromeres and at a set of gene promoters. We 
suggest that Hrp1 participates in a remodeling process that evicts H3 from promoters, 
both in euchromatin and centromeric chromatin, which then facilitates CENP-A
Cnp1
 
incorporation. 
 
Furthermore, we demonstrate that the Fun30 remodeling factor, Fft3, regulates the 
chromatin structure over insulator elements and tethers them to the inner nuclear 
membrane close to nuclear pores. This organizes the chromatin into different domains 
and ensures correct chromatin structure and gene expression at silent domains.  
 
Additionally, we have generated the first genome-wide map of nucleosome positions 
in S. pombe. This map revealed important differences from the related yeast 
Saccharomyces cerevisiae. The two yeasts showed differences in nucleosome spacing, 
the roles of DNA sequence features and in the regular nucleosome arrays. This argues 
against the existence of an evolutionarily conserved genomic code for nucleosome 
positioning. Instead, species-specific nucleosome positioning factors (e.g. chromatin 
remodeling complexes) appear to override the biophysical properties of the DNA 
sequence.   
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1 INTRODUCTION TO CHROMATIN 
 
Chromosomes each consist of a single, enormously long DNA molecule that must be 
contained within the very small space of the nucleus.  Every human cell, for example, 
contains about 2 meters of DNA, whereas the diameter of the cell nucleus is only 5 to 
20 m. This creates a serious packaging problem. The solution is provided by small 
basic proteins, called histones, which fold and pack the fine DNA thread into a more 
compact structure (Figure 1). By neutralizing the negative charge and wrapping the 
DNA, the histone complex allows the DNA to be condensed about 10 000-fold. The 
resultant complex of DNA and proteins is known as chromatin.   
 
Although cells utilize this compaction as a convenient way to store a large amount of 
DNA, the DNA must still be accessible for critical cellular processes such as 
transcription, replication, recombination and repair. There must be a dynamic balance 
between packaging and genome access. Therefore, cells have developed several 
strategies to control packaging and unpackaging of chromatin. These strategies mainly 
involve two classes of enzymes: histone modifying enzymes and ATP-dependent 
chromatin remodelers. The histone modifying enzymes add or remove chemical groups 
on the histone proteins. These chemical groups can change the physical properties of 
the histones and thereby influence the chromatin structure or they can provide a binding 
platform that promotes or hinders the recruitment of regulatory proteins. ATP-
dependent chromatin remodelers are enzymes that through ATP hydrolysis unwrap, 
slide or eject nucleosomes. Together these sets of enzymes facilitate or prevent access 
for DNA-utilizing proteins.   
 
In this manner, chromatin structure not only provides an excellent packaging solution, 
but also a sophisticated apparatus for regulating gene expression and all other DNA 
related processes.  
 
 
 
Figure 1.  Packaging of DNA into chromatin. DNA is wrapped around histone octamer to form 
nucleosomes. The nucleosomes are folded into a higher-order structure that condense the DNA 10 000-fold.  
  2
2 THE NUCLEOSOME 
The basic repeating unit of chromatin is the nucleosome, which consists of 147 bp of 
DNA wrapped around a histone protein octamer. The octamer contains two copies of 
each of the four canonical histones (H2A, H2B, H3 and H4) (Luger et al., 1997). The 
nucleosomes are connected by short stretches of linker DNA, to which in some 
organisms a fifth type of histone protein, H1, binds. The canonical histones are highly 
basic proteins that are composed of a globular domain and flexible “tails” that protrude 
from the nucleosome surface.   
 
The histone proteins are not only packaging proteins that fold the fine DNA thread into 
a more compact structure, but are also recognized as being the main regulators of 
chromatin dynamics. Individual nucleosomes can regulate the exposure and occlusion 
of the DNA. This is achieved by histone variants that can take the place of canonical 
histones and by post-translational modifications that change the physical properties of 
the nucleosome or affect the recruitment of regulatory proteins. Moreover, 
nucleosomes do not bind DNA randomly and the correct and exact positioning of 
nucleosomes is critical for proper genome functioning. Together these mechanisms 
create variations in the chromatin polymer that facilitate or prevent access for DNA-
utilizing proteins to their substrate. Consequently, nucleosomes regulate all DNA-
related processes in the cell.  
 
 
2.1 HISTONE VARIANTS 
In addition to the canonical histones all eukaryotes have histone variants that replace 
the core histones at certain locations of the chromosomes. The variants have a different 
amino acid sequence than the core histones and thereby change the physical properties 
of the nucleosomes when being incorporated into chromain. These unique properties 
make it possible for the variants to be implicated in highly specific functions, such as 
chromosome segregation and DNA repair. The incorporation of variants is performed 
by specific ATP-dependent remodeling complexes and/or specialized histone 
chaperones.  
 
2.1.1 H2A variants 
Histone H2A has the largest number of variants and their incorporation into chromatin 
is linked to a variety of cellular activities, such as activation of transcription, DNA 
repair, heterochromatin formation and mammalian X-chromosome inactivation. H2A.Z 
and H2A.X have been found in most eukaryotic lineages, whereas the macroH2A and 
H2ABbd (for Bar-body deficient) seem to be vertebrate-specific (Table 1). 
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Table 1. Histone H3 and H2A variants. 
 
 
Name in 
mammals 
Name in 
yeast 
Distribution Proposed 
function 
Reviewed 
in 
H3 
CENP-A 
(CenH3) 
Sp: Cnp1 
Sc: Cse4 
Centromeres Centromere 
identity, 
kinetochore 
assembly 
(Quenet and 
Dalal, 
2012) 
H3.3 Canonical 
histone H3 
Active 
chromatin, 
telomeres, 
centromeres 
Compensate for 
evicted 
nucleosomes 
after 
transcription, 
Epigenetic 
memory? 
(Szenker et 
al., 2011) 
H2A 
H2A.Z Sp: Pht1 
Sc: Htz1 
Intergenic 
regions 
Transcription, 
genome 
integrity, 
heterochromatin 
silencing etc. 
(Billon and 
Cote, 2012) 
H2A.X Canonical 
histone 
H2A 
Evenly 
distributed 
throughout the 
genome 
DNA repair (Ismail and 
Hendzel, 
2008) 
macroH2A - Inactive X 
chromosome, 
silenced genes 
Gene silencing, 
X chromosome 
inactivation 
(Gamble 
and Kraus, 
2010) 
H2ABbd - Transcriptionally 
active regions 
Gene activation (Gonzalez-
Romero et 
al., 2008) 
 
 
H2A.Z is essential for development and viability in many organisms (e.g. in mice, fly, 
and frog) (Billon and Cote, 2012). It is not essential in budding and fission yeast, but 
loss of the protein leads to slow growth and defects in transcription and genome 
stability. H2A.Z has been reported to have important roles in various processes such as 
gene transcription, chromosome segregation, DNA repair, heterochromatin silencing 
and progression through the different phases of the cell cycle (Billon and Cote, 2012).   
 
H2A.Z differs from H2A mainly in the C-terminus, where H2A interacts extensively 
with the H3H4 dimer, and in loop 1, where the two H2A (and H2A.Z) molecules 
contact each other (Malik and Henikoff, 2003). These differences have been shown to 
modify the properties of the nucleosome, although the outcome is still debated.  Some 
studies observe a fragility of the H2A.Z-containing nucleosome, when compared to the 
canonical nucleosome, while others observe stabilization. These contradictory results 
  4
might be explained by different methodology or, more importantly, by post-
translational modifications of H2A.Z (Billon and Cote, 2012).   
 
Like other histone variants, H2A.Z gets incorporated into chromatin by histone 
chaperones and ATP-dependent chromatin remodeling complexes. The Nap1 
chaperone imports the H2A.Z-H2A dimer into the nucleus (Straube et al., 2010). In the 
nucleus, the Chz1 chaperone presents the variant dimer to the remodeling complex, 
Swr1, which then incorporates the dimer into chromatin (Kobor et al., 2004; Krogan et 
al., 2004; Luk et al., 2007; Mizuguchi et al., 2004). Recently, another remodeler has 
been indicated in H2A.Z regulation. Ino80 has been suggested to perform the opposite 
reaction to Swr1, by catalyzing the exchange of H2A.Z/H2B dimers for the canonical 
dimer H2A/H2B (Papamichos-Chronakis et al., 2011).  
 
H2A.Z is found at distinct regions of the chromosomes. In budding yeast, two H2A.Z-
containging nucleosomes flank the nucleosome-depleted region of the transcriptional 
start site (Guillemette and Gaudreau, 2006). A similar organization is found in human 
cells (Barski et al., 2007). In fission yeast and Drosophila, H2A.Z is found only at the 
first transcribed nucleosome (the +1 nucleosome) (Buchanan et al., 2009; Mavrich et 
al., 2008). In yeast, the presence of H2A.Z at gene promoters is generally inversely 
correlated with transcription, whereas it is positively correlated in human cells and fly 
(Billon and Cote, 2012). It has been suggested that this difference can be explained by 
downstream effects of H2A.Z. The variant has been proposed to direct or regulate the 
position of downstream nucleosomes, and depending on where the nucleosomes are 
repositioned, positive or negative effects on gene transcription can be observed 
(Marques et al., 2010).  
 
In addition to its role in transcription, H2A.Z also appears to be involved in defining 
chromatin boundaries and domains. In budding yeast, H2A.Z is found at 
heterochromatin boundaries where it blocks the spread of heterochromatin (Meneghini 
et al., 2003). H2A.Z has also been implicated in centromere function and chromosome 
segregation in mammals and in budding and fission yeast (Carr et al., 1994). It is 
localized at centromeres in mammals but not in yeast (Buchanan et al., 2009; Greaves 
et al., 2007; Zhang et al., 2005). 
 
H2A.X is found in all eukaryotes studied except for nematodes (Malik and Henikoff, 
2003). It is characterized by a C-terminal SQE motif. Upon DNA damage, the serine 
residue of this motif becomes phosphorylated. This phosphorylation is thought to 
function as a signal that recruits DNA damage response proteins and cell cycle 
checkpoint factors (Ismail and Hendzel, 2008).  
 
In mammalian cells, H2A.X is evenly distributed throughout the genome and represents 
2-25% of the histone H2A pool. In budding and fission yeast, the canonical H2A has 
the SQE motif and functions as the mammalian H2A.X variant (Ismail and Hendzel, 
2008).    
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2.1.2 H3 variants 
Two variants of histone H3 are found in all eukaryotes: H3.3 and CENP-A (Table 1). 
Additional H3 variants vary among species. The core H3 in yeast is a hybrid between 
H3.1 (the canonical histone) and H3.3 (Ahmad and Henikoff, 2002). 
 
H3.3 differs from core H3 at only 3 to 4 amino acids in plants and animals.  Despite 
this small sequence difference, it preforms functions separated from H3 and is enriched 
at specific genomic locations. Three of the differentiated amino acids (located in the 2 
helix of the histone fold domain) make it possible for H3.3 to be incorporated into 
chromatin throughout the cell cycle, whereas core H3 is deposited strictly during S 
phase (Ahmad and Henikoff, 2002). Moreover, changing these amino acids to the 
canonical H3 sequence alters its genome-wide enrichment pattern (Goldberg et al., 
2010). Thus, the amino acids specific for H3.3 are essential for determining its genomic 
localization, possibly through specific interactions with distinct assembly machineries.  
 
H3.3 was originally found within actively transcribed regions and therefore it has been 
thought to have a role linked with gene activity (Szenker et al., 2011). It has been 
suggested that this role could be to compensate for the eviction of nucleosomes during 
the progression of the RNA polymerase complex in the gene body, or to function as an 
epigenetic memory of an activated state. However, H3.3 is not exclusively a marker of 
transcriptionally active genes and has been found at transcriptionally silent regions such 
as telomeres and pericentric chromatin (Goldberg et al., 2010). The role of H3.3 at 
these regions is unknown.   
 
CENP-A is the most divergent of the H3 variants with only 60% identity to H3.1 at its 
histone fold domain, and even less similarity in its N-terminal tail (Hamiche and 
Shuaib, 2012). It is found at active centromeres where it is indispensible for centromere 
function and chromosome segregation (Takahashi et al., 2000). The variant appears to 
function as both an epigenetic mark for centromere identity and as a structural 
foundation for the assembly of the kinetochore -the multi-protein complex that forms 
the attachment site for spindle microtubule during cell division (Figure 2).  
 
The overall protein structure of CENP-A is very similar to histone H3, although there 
are some features that differ between the two histones. For example, in alpha helix 2 of 
the histone fold domain, CENP-A has a unique domain called CENP-A targeting 
domain (CATD). This domain is sufficient for centromere localization and may confer 
a unique rigidity to the CENP-A nucleosome (Black et al., 2004; Black et al., 2007). 
 
The composition and structure of the CENP-A nucleosome is heavily debated 
(reviewed in (Black and Cleveland, 2011). Different models that have been proposed 
and they include: 1) a classical octameric CENP-A nucleosome with two copies of each 
histone, 2) a tetrasome lacking H2A:H2B dimers, 3) a hemisome with one copy of each 
histone, and 4) a hexasome or trisome where Scm3 replaces H2A/H2B. Which one of 
these structures that is the correct one or if they all represent versions of the CENP-A 
nucleosome in different phases of cell cycle remains to be determined.  
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As CENP-A is a fundamental determinant of centromere identity, many studies have 
focused on the mechanisms that specifically recruit and load CENP-A onto centromeric 
chromatin. The DNA sequence itself is neither necessary nor sufficient for CENP-A 
recruitment, instead it appears to rely on chromatin features. Principally, the CENP-A 
deposition pathway can be broken down into three steps that involve distinct protein 
complexes: priming, deposition, and stabilization/maintenance (Boyarchuk et al., 
2011). Different factors involved in each step are described in Table 2.  
 
Priming. During priming, specific factors, including the Mis18 complex and the 
RbAp46/48 chaperones, are recruited to the centromeres where they provide a 
“competent” chromatin state that prepares the centromeres for the loading of new 
CENP-A (Fujita et al., 2007; Hayashi et al., 2004). This priming appears to involve 
changing the histone acetylation status.  
 
Deposition. CENP-A deposition to centromeric chromatin is governed by the histone 
chaperone HJURP (spScm3) (Dunleavy et al., 2009; Foltz et al., 2009). HJURP 
associates directly with CENP-A and centromeric CENP-A levels are reduced after 
depleting HJURP by siRNA. However, HJURP requires the priming activity of Mis18 
to incorporate CENP-A. 
 
Another factor that is important for the deposition of CENP-A is the constitutive 
centromere-associated network (CCAN). It is composed of 16 proteins that colocalize 
with CENP-A throughout the cell cycle (Cheeseman and Desai, 2008).  
 
  
Centric 
chromatin 
Pericentric 
hetero-
chromatin 
Pericentric 
hetero-
chromatin 
CENP-A-containing nucleosome 
H3K4me2 –containing nucleosome 
H3K9me –containing nucleosome 
Figure 2. Schematic representation of 
a human centromere. Top: On the linear
two-dimensional chromatin fiber, centric 
chromatin contains domains of CENP-A-
containing nucleosomes (pink) that are 
interspersed with H3 nucleosomes 
methylated on lysine 4 (H3K4me2) 
(blue). Pericentric heterochromatin with 
H3K9me (purple) flanks the centric 
chromatin. 
Bottom: Model of 3D structure of mitotic 
centromeres. CENP-A nucleosomes are 
presented on the chromosome surface, 
allowing for kinetochore assembly and 
association with spindle microtubules 
(grey lines).    
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Table 2. Factors required for CENP-A incorporation 
Function during 
CENP-A 
incorporation 
Factor 
Name in 
S. pombe Properties Ref 
Priming/ 
licensing 
RbAp46/48 Mis16 Histone 
chaperone. Part 
of a HAT 
complex 
(Fujita et al., 
2007; Hayashi 
et al., 2004) 
Mis18/ Mis18 Interacts with 
Mis16 
(Fujita et al., 
2007) (Hayashi 
et al., 2004) 
Deposition 
HJURP Scm3 Histone 
chaperone 
(Camahort et 
al., 2007; 
Dunleavy et al., 
2009; Foltz et 
al., 2009; 
Mizuguchi et 
al., 2007; 
Stoler et al., 
2007) 
CCAN 
(CENP-C, 
CENP-H/I/K, 
CENP-L/M/N, 
CENP-
O/P/Q/R/U, 
CENP-T/W, 
CENP-S/X) 
Mis6 
CENP-1
 
Mis15
CENP-N 
Mis17
CENP-M
 
Sim4
CENP-H
 
Multi-protein 
complex 
required for 
kinetochore 
assembly. 
(Hayashi et al., 
2004; Pidoux et 
al., 2003; 
Takahashi et 
al., 2000) 
FACT 
complex 
(SSRP1 & 
SPT16) 
Pob3 & Spt16 Histone 
chaperone 
(Okada et al., 
2009)  
CHD1 Hrp1 ATP-
dependent 
chromatin 
remodelling 
(Choi et al., 
2011; Okada et 
al., 2009; 
Walfridsson et 
al., 2005) 
 Ams2 GATA-like 
transcription 
factor 
(Chen et al., 
2003) 
Stabilization/ 
Maintenance 
RSF complex 
(Rsf-1, 
SNF2h) 
 Chromatin 
remodelling 
(Perpelescu et 
al., 2009) 
MgcRacGAP  Rho family 
GTPase 
activating 
protein 
(Lagana et al., 
2010) 
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Other factors required for CENP-A deposition, e.g. the FACT complex (Okada et al., 
2009), the CHD1 remodeling complex (Walfridsson et al., 2005), and the GATA-like 
transcription factor (Chen et al., 2003), are tightly linked to transcription and, 
interestingly, transcripts have recently been identified from CENP-A chromatin (Choi 
et al., 2011; Topp et al., 2004). These findings have led to the hypothesis that 
transcription through centromeric chromatin evicts histone H3, which then facilitates 
CENP-A incorporation (Choi et al., 2011). The link between transcription and CENP-A 
incorporation has been studied in paper II of this thesis.  
 
Stabilization/maintenance. A growing amount of evidence supports the idea that 
CENP-A nucleosomes are not fully stable after their initial deposition. The ATP-
dependent nucleosome remodeling and spacing factor (RSF) complex is recruited to 
centromeres after deposition of new CENP-A and seems to assemble the predeposited 
CENP-A into a mature, stable chromatin state (Perpelescu et al., 2009). The CENP-A 
chromatin is then further stabilized by a Rho family small GTPase molecular switch, 
activated by MgcRacGAP (Lagana et al., 2010).  
 
In addition to centromeric regions, a low level of CENP-A associates with gene 
promoters (Choi et al., 2011; Lefrancois et al., 2009). In S. pombe, the recruitment of 
CENP-A to these promoters appears to be dependent on the remodeler Hrp1 (Choi et 
al., 2011). However it is not known if these promoters share any structural or 
mechanistic feature with the centromere. This was studied in paper II of this thesis.   
 
2.1.3 H4 and H2B histone variants 
Unlike the H3 and H2A histones, no ubiquitously expressed H4 or H2B variant has 
been reported so far. However, a few tissue-specific H2B variants have been described. 
These include for example a sperm specific variant (spH2B) and testis specific variants 
(TH2B and H2BFWT) (Yuan and Zhu, 2012).  
 
The reason for the nonexistence of H4 variants and the very small number of H2B 
variants can probably be explained by the arrangement of the histones in the 
nucleosome core particle. The interaction between the H3-H4 tetramer and the H2A-
H2B dimer is established through contacts made by H2B with H4. Therefore H2B may 
not be preferred for variation (Pusarla and Bhargava, 2005). Histone H4 makes 
extensive contacts with all of the other histones and therefore sequence variations are 
constrained; only some positions in the 2 helix appear to tolerate any amino acid 
substitutions (Malik and Henikoff, 2003). 
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2.2 HISTONE MODIFICATIONS 
Histones are extensively modified post-translationally and over one hundred distinct 
modifications are described in the literature (Rando, 2012). These modifications 
include small chemical groups (e.g. acetylation, phosphorylation and methylation) and 
larger peptides (e.g. ubiquitylation and sumoylation). Most of them occur in the N-
terminal tails of the histones, which protrude from the nucleosomes, but also within the 
globular core region. Together, the modifications provide an important regulatory 
platform for processes such as gene expression, DNA replication and repair, 
chromosome condensation and segregation as well as apoptosis (Fullgrabe et al., 2011).   
 
The large quantity of possible modifications have led to the hypothesis that specific 
combinations of histone marks would specify unique biological outcomes, the so called 
histone code hypothesis (Strahl and Allis, 2000). Genome-wide analysis from different 
organisms show that many histone modifications co-occur. For example, actively 
transcribed promoters in all studied organisms are associated with a range of histone 
acetylation marks. However, today there is little evidence to support the hypotheses that 
these combinations of marks lead to unique outcomes (Rando, 2012).  
 
For each post-translational histone modification, enzymes exist that can either add or 
remove the mark. Major factors in this include histone acetyltransferases (HATs) which 
acetylate histones and histone deacetylases (HDACs) which remove acetyl groups. 
Histone methyltransferases (HMTs) and histone demethylases (HDMs) add and remove 
methyl groups respectively, whereas kinases and phosphatases regulate the 
phosphorylation of histones (Bannister and Kouzarides, 2011).  
 
It is thought that the covalent modifications exert their effects via two main 
mechanisms. The modification could either directly influence the chromatin structure 
or form a dynamic binding platform that promotes, or hinders, recruitment of 
chromatin-modifying enzymes (Bannister and Kouzarides, 2011).  
 
Histones are highly basic proteins with numerous positively charged residues (lysines 
and arginines). This gives the proteins a high affinity for the negatively charged DNA. 
Histone acetylation and phosphorylation reduce this positive charge and this probably 
weakens the histone-DNA contact, creating a more open chromatin with increased 
access to DNA (Bannister and Kouzarides, 2011). In agreement with this, histone 
acetylation is often found at chromatin regions that are undergoing active processing, 
such as gene transcription and DNA replication. Ubiquitylation adds a very large 
molecule to the histone protein and therefore it is likely that this modification induces a 
change in the nucleosome conformation and the chromatin structure. In contrast, small 
neutral modifications, e.g. phosphorylation, are not thought to change the chromatin 
structure but appear to act by regulating the binding of chromatin-associated proteins.   
 
Many chromatin-regulating proteins carry domains that bind specifically to a type of 
covalent modification. For example, bromodomains bind to acetylated lysines, while 
PHD fingers and chromodomains bind to methylated residues (Bannister and 
Kouzarides, 2011). The interaction between the modification and the protein domain 
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has been suggested to direct the recruitment of the protein to certain chromatin 
locations (e.g. HP1 is recruited to heterochromatic regions via H3K9me3).  
While this is true in many cases, an emerging number of studies show that the domains 
might play a role in regulating the complex’s behavior rather than its recruitment 
(Rando, 2012). One example of this is the Rpd3S complex (an HDAC complex) in S. 
cerevisiae. This complex carries a chromodomain protein that recognizes H3K36me3, 
which is present over coding regions of genes. This led to the speculation that the 
methylation mark recruits the complex to the body of transcribed genes (Carrozza et al., 
2005). However, deletion of the chromodomain does not change the location of the 
Rpd3S complex (Drouin et al., 2010). Instead the function of the complex is lost as 
acetylation levels increase over genes (Li et al., 2007). Thus, it appears as if the 
H3K36me3 serves to activate the Rpd3S complex, rather than recruit it. Another 
example is the Drosophila chromatin remodeler Chd1, in which tandem chromodomain 
regulates its function but not its genomic location (Morettini et al., 2011).  
 
Histone modifications can also function to inhibit the binding of chromatin-associated 
factors to chromatin. For instance, H3K4me3 prevents the NuRD complex from 
binding histones (Zegerman et al., 2002).  
 
 
2.3 NUCLEOSOME POSITIONING 
It is not only the composition or modifications of the nucleosomes that affect nuclear 
processes, but also the exact position of nucleosome on the DNA. Depending on 
whether a particular DNA sequence is wrapped around a histone octamer or if it is 
located in a linker region between two nucleosomes, it will be differently accessible for 
DNA binding proteins. Nucleosomes can have both activating and inhibitory roles. 
Nucleosomes positioned in a silent promoter can inhibit transcription by blocking the 
binding of basal transcription factors to the DNA. In contrast, nucleosomes can also 
bring distant DNA sequences into close proximity and thereby promote transcription. 
Thus, information about nucleosome positions and about the mechanisms determining 
the positioning is necessary to understand all DNA-related processes (reviewed in (Iyer, 
2012)).  
 
Genome-wide maps of nucleosome positions have been generated for several 
organisms and they all revealed a high degree of well-defined nucleosome positions 
(reviewed in (Iyer, 2012)). Particularly at gene starts there is often a conserved 
stereotypic organization with a broad (100-200 bp) nucleosome depleted region (NDR) 
just upstream of the transcription start site (Figure 3). The first nucleosome 
downstream of the TSS (the +1 nucleosome) usually occupies a highly distinct 
position. In yeast, the +1 nucleosome is typically followed by an array of regularly 
spaced nucleosomes extending into the gene body. Metazoans and plants appear to lack 
this array of positioned nucleosomes, but they still have a highly positioned +1 
nucleosome downstream the NDR. In paper I of this thesis, we generated the first 
genome-wide nucleosome positioning map for S. pombe. 
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The mechanisms that determine the positioning of nucleosomes are still poorly 
understood. Most likely a combination of different mechanisms –including intrinsic 
sequence biases; stacking against a fixed barrier; DNA-binding proteins and chromatin 
remodelers– function together to position nucleosomes. 
 
2.3.1 The role of the DNA sequence 
Nucleosomes can form on virtually any DNA sequence, but it is clear that some DNA 
sequences are more readily bound to the histone octamer than others. Sequences that 
bend more easily have a high affinity for histones, whereas stiff DNA sequences are 
poorly incorporated into nucleosomes. The existence of sequence preferences led to the 
idea that the in vivo nucleosome positions are intrinsically encoded in the DNA 
sequence. In agreement with this, a computer model trained on yeast DNA could 
predict the in vivo occupancy of nucleosomes fairly accurately in S. cerevisiae (75%) 
and to a lesser degree in C. elegans (60%), indicating that DNA sequence plays an 
important, conserved, role in determine the nucleosome positions (Kaplan et al., 2009). 
However, it is important to note that this model predicts the occupancy of nucleosomes 
(i.e. the probability of a given base pair to reside in any nucleosome) and not the 
precise position of the nucleosomes. When nucleosome position was considered, only 
15-20% of the positions could be correctly predicted (Iyer, 2012). Thus, DNA 
sequences preference can explain quite accurately the nucleosome occupancy, but only 
few proper nucleosome positions and hardly any regular arrays. In paper I of this 
thesis we investigate the role the DNA sequence plays in nucleosome positioning.   
 
 
2.3.2 Formation of the NDR 
All organisms studied so far display a nucleosome-depleted region upstream of the TSS 
of highly expressed genes. It appears as if this NDR, at least partly, is encoded in the 
DNA sequence (Kaplan et al., 2009). In S. cerevisiae NDRs are enriched in poly(dA-
dT) sequences (Field et al., 2008). This sequence strongly disfavors bending of DNA 
and thus prevents nucleosome formation. However, the NDRs are smaller in in vitro 
maps, in which nucleosomes are allowed to form on naked DNA and the positioning is 
therefore governed only by the intrinsic sequence preferences, than in in vivo maps. 
Figure 3. Nucleosome positions at the 
beginning of genes. Average 
enrichment of nucleosomes over all S. 
pombe genes. Genes were aligned at 
transcriptional start site (TSS) using  
Podbat (Sadeghi et al., 2011). Data is 
from (Lantermann et al., 2010). 
Genes display a nucleosome depleted 
region (NDR) before TSS, a well-
positioned +1 nucleosome, and a array 
of regularly spaced nucleosomes 
extending into the gene body. 
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This strongly indicates that other mechanisms than the DNA sequence also contribute 
to the NDR formation (Kaplan et al., 2009). Moreover, not all organisms have poly(dA-
dT) sequences enriched in their NDRs (Lantermann et al., 2010).  
 
One suggested mechanism is DNA-binding proteins (e.g. transcription factors), which, 
when binding to DNA, may inhibit the histone octamer, preventing nucleosome 
formation. In agreement with this, there is evidence that the budding yeast Reb1 and 
Abf1 and mammalian CTCF contribute to NDR formation (Fu et al., 2008; Jansen and 
Verstrepen, 2011; Kaplan et al., 2009). Moreover, the chromatin remodeling complex 
RSC has a role in NDR generation (Hartley and Madhani, 2009; Parnell et al., 2008). 
These factors are also thought to position nucleosomes surrounding their binding sites.  
 
2.3.3 Formation of nucleosomal arrays 
A striking difference between in vitro and in vivo nucleosomal maps is the absence of 
the regularly spaced array of nucleosomes following the +1 nucleosome in the in vitro 
maps. The position of the nucleosomes in the array seems therefore not to be encoded 
in the DNA sequence. One explanation for the array formation has instead been the so-
called barrier model or statistical positioning. This model is based on the fact that 
nucleosomes are located at fixed distances from each other, and therefore if one 
nucleosome (e.g. the +1 nucleosome) is highly positioned, it would also determine the 
positions of the adjacent nucleosomes. The one positioned nucleosome functions as a 
barrier against which the rest of the nucleosomes are passively stacked (Iyer, 2012). 
However, this model has been disputed and correct positioning of the array seems to 
depend on ATP (Korber 2012). Therefore an active packing mechanism, where ATP-
dependent chromatin remodelers align the nucleosomes against the barrier has been 
proposed. In agreement with this, it has been shown in S. cerevisiae that the remodelers 
ISWI, ISW2 and CHD1 can position nucleosomes. Deletion of the individual 
remodeler genes does not drastically affect the overall nucleosome positioning, but 
deletion of all three together resulted in a significant reduction in the regular array of 
nucleosomes downstream of the TSS (Gkikopoulos et al., 2011). Interestingly, the 
remodelers did not affect the NDR or the +1 nucleosome. This function seems to be 
conserved since deletion of the S. pombe CHD-remodelers, Hrp1 and Hrp3, give 
similar results (Pointner et al., 2012).  
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3 TRANSCRIPTION 
Transcription is a process that copies the genetic information from DNA into RNA. 
The process is mediated by RNA polymerases that read the DNA sequence and 
synthesize a complementary RNA strand. Three types of RNA polymerases exist in all 
eukaryotes: Pol I, Pol II and Pol III. The three polymerases transcribe different 
substrates. Pol I transcribes rRNA genes, which encode the RNA components of the 
ribosomes. Pol II transcribes all protein coding genes as well as several small nuclear 
RNAs. Pol III transcribes 5S rRNA, tRNA, and other small RNAs.  
 
Transcription by Pol II and Pol III will be described in the sections that follow. 
 
3.1 POL II TRANSCRIPTION 
The transcription cycle of a Pol II gene starts with Pol II binding to the promoter – a 
DNA sequence located upstream of the coding region. However, Pol II cannot bind to 
the promoter and initiate transcription without the aid of general transcription factors 
(GTFs). The GTFs help to position Pol II correctly at the promoter, aid in pulling apart 
the DNA strands to allow the transcription to begin, and release Pol II from the 
promoter into elongation. Once elongating, Pol II requires a series of elongation factors 
which help the polymerase to move through the gene and decrease the likelihood of the 
polymerase dissociating before it reaches the end. During the elongation, the new RNA 
molecule is modified by the addition of a cap (a methylated guanine nucleotide) at its 
5’ end, and introns are removed by splicing. When the polymerase reaches the end of 
the gene, the RNA is cleaved and 3’ polyadenylated.   
 
Transcription needs to be highly regulated in order for the cell to respond to 
developmental and environmental signals. The most common point of gene regulation 
is to control transcriptional initiation. This is achieved by a wide range of gene- and 
tissue-specific transcription factors which bind specific regulatory elements within the 
core promoter or at more distant regions (reviewed in (Thomas and Chiang, 2006)). If 
these distant elements have a positive effect on gene expression, they are commonly 
referred to as enhancers (in humans) or upstream activating sequences (in yeast). 
Cofactors are often required to transmit the signal between the gene-specific 
transcription factors and the general transcription machinery.  
 
3.2 POL III TRANSCRIPTION 
Genes transcribed by Pol III can be divided into three types (type 1, 2, and 3) 
depending on their promoter type and the transcription factors that are required for their 
transcription (reviewed in (Huang and Maraia, 2001)). Type 1 genes include the 5S 
rRNA genes. These genes contain a C-box to which the transcription factor TFIIIA 
binds. TFIIIA binding allows the recruitment of another transcription factor TFIIIC, 
which then directs a third transcription factor TFIIIB to bind upstream of the 
transcription start site (TTS). Once this complex is assembled, Pol III is recruited and 
transcription is initiated. Type 2 genes –including tRNA genes– do not have C-box 
sequences and do not require TFIIIA. Instead, tRNA genes have internal promoters 
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consisting of two highly conserved sequence elements called A- and B-box. These 
sequences recruit TFIIIC, which then recruit TFIIIB and Pol III. Type 3 genes are 
present only in higher eukaryotes and they utilize an upstream TATA element that 
recruits a specific TFIIIB variant.  
 
3.3 CHROMATIN AND TRANSCRIPTION 
Nucleosomes can conceal regulatory elements on the DNA and prevent binding of 
regulatory proteins. For example, the general transcription factors seem unable to 
assemble onto a promoter that is packaged in a conventional nucleosome. There exist 
two main mechanisms that can regulate the repressive effect of chromatin structure. 
The first mechanism involves ATP-dependent chromatin remodeling factors that use 
the energy from hydrolysis of ATP to alter the contacts between DNA and histones. 
They can reveal DNA regulatory elements by removing or sliding nucleosomes. They 
can also exchange the canonical histones for histone variants that might aid or hinder 
transcription. Chapter 4 describes the ATP-dependent remodeling complexes in more 
detail.  
 
The second mechanism involves posttranslational modifications of histone proteins (see 
section 2.2). Many modifications, and in particular histone acetylation, is thought to 
loosen the interaction between histones and DNA, creating a more open chromatin 
structure that increases the efficiency of transcriptional initiation and elongation. 
Histone modifications can also affect the recruitment of regulatory proteins that interact 
with the transcription machinery. The enzymes that regulate histone modifications (e.g. 
HATs and HDACs) are together with ATP-dependent remodeling factors considered as 
transcriptional cofactors.  
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4 ATP-DEPENDENT CHROMATIN REMODELING 
FACTORS 
To enable dynamic access to packaged DNA, cells have evolved a set a specialized 
protein complexes, called chromatin remodeling complexes. These enzymes use the 
energy of ATP hydrolysis to move, destabilize, eject or restructure nucleosomes. The 
remodelers are involved in a wide variety of genomic processes. For example, they 
have important roles in transcriptional regulation, where they by remodeling 
nucleosomes can expose or cover DNA sequences for binding of transcriptional 
activators or repressors. Moreover, several remodelers are recruited to sites of DNA 
damage, where they assist the many steps of DNA repair and recombination. 
Remodelers are also important for many steps in DNA replication (Clapier and Cairns, 
2009). 
 
Since chromatin remodelers are involved in most chromosomal processes, it is not 
surprising that a very large number of different chromatin remodeling complexes exist. 
The catalytic subunits (the remodeler) all contain a similar helicase-like ATPase 
domain, but they differ in unique domains within or adjacent to the ATPase domain and 
in their associated subunits. Based on these features, the remodelers can be divided into 
four families: SWI/SNF, ISWI, CHD, and INO80 (Figure 4) (Clapier and Cairns, 
2009). The families are conserved from yeast to human, although there are some 
variations between species.  
  
Figure 4. Families of ATP-dependent chromatin remodelers. Right: A tree showing the sequence homology between different 
families of remodelers. Data is from (Flaus et al., 2006). Left: A table showing the different families and subfamilies of chromatin 
remodelers.   
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4.1 MI2-CHD FAMILY 
The Mi2-CHD family of remodelers is characterized by two tandem chromodomains in 
the N terminus of the catalytic subunit. Chromodomains are known for recognizing and 
binding methylated lysine residues, and accordingly human CHD1 binds H3K4me2 
and me3 (Flanagan et al., 2005; Sims et al., 2005). The presence of additional domains 
has been used to divide the group into three subfamilies (Hargreaves and Crabtree, 
2011). The first subfamily, Chd1, contains remodelers with a C-terminal DNA-binding 
domain that binds to AT-rich DNA. Members of the second subfamily, Mi-2, lacks the 
DNA-binding domain, but have instead two PHD domains. The enzymes of the third 
subfamily, CHD7, possess additional domains that differ between members.  The 
different Chd remodelers do not only differ in their functional motif but also in their 
biochemical properties. Some of the remodelers exist as monomers whereas others 
function in large multiprotein complexes. Moreover, one remodeler can exist in several 
different protein complexes (Murawska and Brehm, 2011).  
 
4.1.1 Recruitment of CHD remodelers 
Many CHD remodelers lack a DNA binding domain and therefore need to be recruited 
to chromatin via chromatin-associated proteins, e.g. histones and transcription factors 
(reviewed in (Murawska and Brehm, 2011)). The recruitment is regulated by 
modifications (methylation, SUMOylation or PARylation) of these factors.  
 
Human CHD1 interacts with methylated histones, in particular H3K4me. This histone 
modification is abundant at the 5’ region of actively transcribed genes and concordantly 
CHD1 is enriched at promoters of highly expressed genes (Flanagan et al., 2005; Sims 
et al., 2005).  
 
The NuRD complex, which contains CHD3/4 (mi2-/mi2-) and HDAC1/2, is 
involved in transcriptional repression and is recruited to the promoters of its target 
genes via interaction with a myriad of transcription factors and co-regulators 
(Murawska and Brehm, 2011). However, recent evidence suggests that Mi-2 
remodelers bind SUMOylated residues of proteins. It is therefore possible that Mi-2 
containing complexes are recruited by SUMOylated transcription factors. This would 
explain how Mi-2 can interact with so many unrelated transcription factors (Murawska 
and Brehm, 2011).   
 
Moreover, CHD remodeling complexes can be recruited via methylation of DNA. 
NuRD contains a methyl-CpG-binding subunit, MBD2, which can interact with 
methylated DNA and tethers NuRD to methylated promoters (Feng and Zhang, 2001; 
Zhang et al., 1999).  
 
4.1.2 CHD remodelers and their roles in transcription 
Most of the CHD remodelers have been connected to transcriptional regulation. 
However, different remodelers act at separate phases of the transcription cycle. Some 
have a role in the initiation of transcription, whereas others in the elongation or 
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termination. Some also participate in RNA processing events, such as pre-mRNA 
splicing and 3’ end formation (Murawska and Brehm, 2011). 
 
Roles in repression of transcription: 
One CHD remodeling complex, the NuRD complex, has a role in transcriptional 
repression. This complex contains both a remodeler (CHD3/4) and an HDAC 
(HDAC1/2) and it is thought that the nucleosome remodeling combined with histone 
deacetylation generate a compact, hypoacetylated chromatin that is unfavorable for 
transcription (Denslow and Wade, 2007). The S. pombe equivalent of the NuRD 
complex, SHREC, is also involved in transcriptional repression. It is localized to 
heterochromatic regions where it is critical for transcriptional gene silencing (Sugiyama 
et al., 2007).  
 
Roles in transcriptional initiation: 
The S. pombe CHD1 homologs, Hrp1 and Hrp3, localize to a subset of gene promoters 
where they remove nucleosomes near the transcriptional start site (Walfridsson et al., 
2007). Other CHD remodelers function at enhancer elements. For example, CHD7 
binds to enhancers and this appears to activate the transcription of the genes (Schnetz et 
al., 2009). CHD8 and CHD4 also play a role at enhancers (Murawska and Brehm, 
2011). Thus, CHD remodelers seem to create nucleosome-depleted regions at both 
promoter and enhancer regions. This nucleosome removal is thought to facilitate the 
binding of transcription factors, co-activators and the RNA pol II machinery and 
thereby stimulates transcriptional initiation.    
 
Roles in transcriptional elongation: 
The chromatin structure is actively modulated during transcriptional elongation. 
Nucleosomes ahead of elongating Pol II are temporarily disassembled and then 
reassemble when Pol II has passed through. Two CHD remodelers have been 
implicated in this process: KisL and CHD1 (Murawska and Brehm, 2011).  
Drosophila and yeast CHD1 associate with actively transcribed genes where they are 
thought to deposit new nucleosomes after the elongating Pol II (Murawska and Brehm, 
2011). Budding yeast Chd1 interacts with elongation factors but does not appear to 
directly affect the elongating Pol II (Murawska and Brehm, 2011). Instead it is thought 
to prevent transcription initiation from cryptic promoters inside the gene bodies by 
maintaining an appropriate nucleosome positioning over the transcribed region 
(Gkikopoulos et al., 2011; Quan and Hartzog, 2010). In agreement with this, three 
recent studies from S. pombe showed that Hrp1 and Hrp3 are involved in preventing 
cryptic antisense transcription by regulating nucleosome positioning over coding 
regions (Hennig et al., 2012; Pointner et al., 2012; Shim et al., 2012).  
 
 
4.1.3 CHD remodelers and histone variant deposition 
Chd1 is providing proper chromatin structure at several loci by promoting deposition of 
histone H3 variants. In Drosophila, Chd1 puts in the H3.3 variant instead of core H3 
after the elongating RNA pol II machinery (Konev et al., 2007). Chicken and fission 
yeast Chd1 is involved in the deposition of the centromeric H3 variant, CENP-A, both 
at centromeres and at certain gene promoters (Choi et al., 2011; Okada et al., 2009; 
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Walfridsson et al., 2005). The incorporation of both variants, H3.3 and CENP-A, 
appears to be coupled to transcription and it is thought that eviction of H3 during the 
transcription facilitates the incorporation of the variants (Choi et al., 2011). This 
process was studied in paper II of this thesis.   
 
 
4.1.4 CHD remodelers and nucleosome positioning 
CHD remodelers also have important roles in positioning nucleosomes. In yeast, most 
genes have stereotypic organization with a nucleosome free region just upstream of the 
transcription start site and a well-positioned +1 nucleosome followed by an array of 
regularly spaced nucleosomes extending into the gene body (see Figure 3 and section 
2.3). It has been shown in S. cerevisiae that if you delete Chd1 together with the 
remodelers Isw1 and Isw2, the array of positioned nucleosomes after the +1 
nucleosome is lost (Gkikopoulos et al., 2011). Similar results were obtained in S. 
pombe when Hrp1 and Hrp3 were deleted (Pointner et al., 2012). In paper I of this 
thesis we investigated the role of another CHD-remodeler Mit1 in nucleosome 
positioning.  
 
4.2 INO80 FAMILY 
The INO80 family of remodelers is the evolutionary most conserved family of 
remodeling complexes and appear to have crucial roles in nearly all DNA metabolic 
process, including gene transcription, DNA repair, and DNA replication. The family 
consists of three classes of proteins: Ino80, Swr1 (SRCAP and EP400 in human), and 
Etl1/Fun30.  
 
The defining characteristic of the Ino80 family is the presence of a split ATPase 
domain, which contains a large insertion between motifs III and IV (Watanabe and 
Peterson, 2010). The length of this insertion varies between species, being small in 
yeast (247-282 amino acids) and large in mammals (>1000 amino acids). This unique 
domain retains ATPase activity and functions as a scaffold for the association of two 
RuvB-like proteins, Rvb1 and Rvb2.  
 
The split ATPase domain seems to give the Ino80 group of remodeler a unique ability 
to catalyze ATP-dependent histone dimer exchange reactions, which gives them the 
ability incorporate of histone variants. Swr1 specifically removes one or both 
H2A/H2B dimers from the nucleosome and replaces them with H2A.Z/H2B dimer(s) 
in ATP-dependent reaction (see section 2.1.1). Ino80 has been suggested to perform the 
opposite reaction, i.e. exchanging a H2A.Z/H2B dimer for a H2A/H2B (Papamichos-
Chronakis et al., 2011). Together these enzymes regulate the chromosomal location of 
the H2A.Z variant.  
 
4.2.1 ETL1/Fun30 remodelers 
Etl1 is one of the first remodeling enzymes identified in mammals (Soininen et al., 
1992), yet it has received little attention and is poorly characterized. Only in very 
recently years have we started to understand its important roles in chromatin regulation.  
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The family is conserved from yeast to human, and includes Fun30 in S. cerevisiae; 
Fft1, Fft2 and Fft3 in S. pombe; Etl1 in mouse; and SMARCAD1 in human (see Figure 
4 and Table 3) (Adra et al., 2000; Barton and Kaback, 1994; Clark et al., 1992; Neves-
Costa et al., 2009; Soininen et al., 1992). It is expressed throughout development and in 
virtually all adult tissues (Schoor et al., 1999; Soininen et al., 1992).  The protein is 
nonessential in all organisms examined but its deletion or overexpression causes severe 
defects in chromosome stability, integrity and segregation (Ouspenski et al., 1999; 
Rowbotham et al., 2011; Stralfors et al., 2011). Furthermore removal of Etl1 causes 
grave developmental defects in mouse (Schoor et al., 1999), and the human homolog, 
SMARCAD1, has been mapped to a chromosomal region (4q22) that is involved in 
several human diseases, such as head and neck cancer, liver cancer and immigration 
delay disease (absence of fingerprints) (Bluteau et al., 2002; Cetin et al., 2008; 
Nousbeck et al., 2011). SMARCAD1 has also been identified as a regulator of 
pluripotency and self-renewal and cells depleted of the remodeler lose the ability to 
maintain their stemness state (Hong et al., 2009; Lim et al., 2006; Seki et al., 2010). 
 
Table 3. Identity between Fun30-remodelers sequences. Percent identity was 
calculated using NCBI BLASTp. 
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Several recent reports have highlighted the importance of the Etl1/Fun30 family in 
chromatin regulation and the maintenance of functional chromatin domains. Depletion 
of the remodeler generates an open chromatin structure at regions that normally are 
transcriptionally silent. This function appears to be conserved between human, S. 
cerevisiae and S. pombe (Durand-Dubief et al., 2012; Neves-Costa et al., 2009; 
Rowbotham et al., 2011; Stralfors et al., 2011; Yu et al., 2011). The protein is enriched 
at boundaries between chromatin domains, and in its absence normally silent regions 
display increased levels of histone acetylation, an altered nucleosome positioning and 
decreased levels of histone methylation and heterochromatic proteins (e.g. HP-1). 
Importantly, the silent regions also become transcriptionally active and genes in these 
regions start to be transcribed (Durand-Dubief et al., 2012; Stralfors et al., 2011). 
SMARCAD1 directly interacts with the histone deacetylases HDAC1/2 and it has been 
suggested that SMARCAD1, through this interaction, controls removal of histone 
acetylation marks, the first step in formation of repressive chromatin (Rowbotham et 
al., 2011). Together, these results strongly suggest that the Etl1/Fun30 remodeler 
functions as key factors for the re-establishment and maintenance of repressive 
chromatin (Rowbotham et al., 2011; Yu et al., 2011).  
 
Three recent studies show that Fun30 and SMARCAD1 have important roles in 
double-strand break repair by promoting DNA end-resection (Chen et al., 2012; 
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Costelloe et al., 2012; Eapen et al., 2012). Whether this function is conserved in S. 
pombe needs to be determined.  
In vitro, biochemical experiments demonstrated that budding yeast Fun30, like other 
chromatin remodelers, is capable of binding nucleosomes and DNA, hydrolyzing ATP 
and disrupting nucleosomes in an ATP-dependent manner (Awad et al., 2010).  
Moreover, Fun30 was shown to be better in catalyzing histone dimer exchange in 
comparison to nucleosome sliding. This is similar to the two other proteins in the Ino80 
family, Ino80 and Swr1, which both have been implicated in histone dimer exchange. 
Together, these results suggest that Fun30/Etl1 functions as a bona fine chromatin 
remodeling factor and in agreement with this, in vivo experiments where the ATPase 
domain of the protein has been destroyed by a point-mutation show the same phenotype 
as when the full protein has been depleted (Neves-Costa et al., 2009; Rowbotham et al., 
2011).   
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5 CHROMATIN TYPES 
A functional genome is carefully organized into different chromosomal domains of 
gene activity and noncoding structural domains. All the different chromosomal 
domains have a distinct chromatin structure that make the DNA more or less 
accessible. Defects in the maintenance of specific chromatin domains lead to aberrant 
gene expression and chromosome instability. 
 
The first indication of that chromatin exists in different configurations came as early as 
1928 when Heitz, using a cytological analysis, was able to distinguish between two 
general types of chromatin. Heitz noted that some fractions of the chromosomes were 
stained very intensely with nuclear dyes, whereas other areas were only weakly stained 
(Heitz, 1928). Based on these findings, the weakly stained domains were designated as 
euchromatin and the strongly stained domains as heterochromatin. Since then, 
molecular biologists have been able to provide a deeper understanding of the properties 
and functions of these two chromatin domains. Euchromatin is typically a gene-rich 
open chromatin, whereas heterochromatin is maintained in a condensed state that 
replicates late and contains primary repetitive sequences and relatively few genes.  
 
Recent studies have shown that the division of chromatin into two different types is a 
simplistic view and multiple forms of both classes of chromatin exist. In the fruit fly, at 
least two different types of transcriptionally active euchromatin and three types of 
repressed heterochromatin has been identified (Filion et al., 2010). More detailed 
analysis will probably identify even more classes of chromatin. 
 
5.1 HETEROCHROMATIN 
Heterochromatin is highly condensed chromatin that is generally inaccessible to DNA 
binding factors and refractory to gene expression. In multicellular organisms two types 
of heterochromatin have been described, namely constitutive and facultative. 
Constitutive heterochromatin is silenced in all cell types and is found mainly at 
chromosome regions that contain high density of repetitive elements, such as the 
centromeres and telomeres (Grewal and Elgin, 2002). Facultative heterochromatin is 
found at regions that are differently expressed during development and differentiation, 
such at the inactive X-chromosome, imprinted loci, and at genes that are permanently 
silenced in a given cell type (Bannister and Kouzarides, 2011). Emerging evidence 
suggests that there exist more types of repressive chromatin. For example, 48% of the 
Drosophila genome is folded into a third type of repressed chromatin (so called black 
chromatin) (Filion et al., 2010). 
 
At the molecular level heterochromatin is characterized by histone modifications that 
are recognized by repressor/silencing complexes. Both facultative and constitutive 
heterochromatin contain nucleosomes that are underacetylated but they can be 
distinguished by the presence of differential methylation marks. For example, 
facultative heterochromatin is enriched for H3K29me3 that recruits the polycomb 
silencing complex, while histone H3 in constitutive heterochromatin is methylated at 
lysine 9 (H3K9me2/3), to which heterochromatin protein 1, HP1, binds (Bannister and 
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Kouzarides, 2011). The third type of heterochromatin described in Drosophila (the 
black chromatin) has low levels of polycomb and HP1 but is instead highly enriched 
for lamin, indicating that these domains are localized near the nuclear membrane 
(Filion et al., 2010). In agreement with this, the nuclear periphery is thought to be a 
repressive environment refractory to gene expression (see chapter 6).  
 
5.2 EUCHROMATIN 
Transcriptionally active genes are located in euchromatin regions. This type of 
chromatin is more accessible to enzymatic probes and DNA nucleases than 
heterochromatin, indicating that it has a more “open” structure. The open structure is 
thought to be generated by a combination of histone modifications, including high 
levels of acetylation and methylation of H3K4 and H3K79 as well as depletion of the 
linker histone H1 (Valenzuela and Kamakaka, 2006). The open structure makes DNA 
elements, such as promoters and enhancers, accessible to transcription factors and other 
regulatory proteins, thus facilitating transcription by RNA polymerases. 
 
As with heterochromatin there exist several types of euchromatin that differs in their 
histone modification and DNA-binding proteins. Based on these differences it is 
possible to divide the euchromatin in Drosophila into two different types (yellow and 
red) (Filion et al., 2010). Interestingly, these two types of euchromatin seem to regulate 
different types of genes. Yellow chromatin is enriched for H3K36me3 and contains 
genes with a broad expression pattern that is constant in many developmental stages 
and tissues (e.g. housekeeping genes), whereas red chromatin contains genes linked to 
more specific processes and lacks H3K36me3 (Filion et al., 2010).   
 
5.3 SUBTELOMERIC CHROMATIN 
Subtelomeres are DNA sequences placed between chromosome-specific regions and 
chromosome ends (i.e. the telomeres). The length of the subtelomeres are around 100 
kb in fission yeast and between 10 to 300 kb in human cells. The borders of the 
subtelomeres in fission are yeast marked by LTR elements and the binding of the 
chromatin remodeling factor Fft3 (Buchanan et al., 2009; Stralfors et al., 2011). The 
subtelomeres contain genes but they are lowly expressed (Buchanan et al., 2009; Robyr 
et al., 2002) and if you place a gene inside the subtelomeres they become 
transcriptionally silenced (Baur et al., 2001; Gottschling et al., 1990). In budding and 
fission yeast, the subtelomeric genes are repressed by HDACs and they became 
upregulated during nutritional stress (Hansen et al., 2005; Robyr et al., 2002). Studies 
in S. pombe have shown that subtelomeres do not display “normal” heterochromatin 
structure but have a unique type of chromatin (Buchanan et al., 2009). This 
subtelomeric chromatin (named ST-chromatin) is characterized by low levels of both 
the repressive heterochromatic mark, H3K9me2, and the active euchromatic mark, 
H3K4me2. It is also depleted in several histone acetylation marks (H4K5Ac, 
H4K12Ac, H4K16Ac and H3K14Ac) and in the histone variant H2A.Z (Buchanan et 
al., 2009).  
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5.4 CENTROMERIC CHROMATIN 
The centromere is a specialized chromosomal region that serves as the assembly site of 
the kinetochore - the multi-protein complex that regulates chromosome segregation. In 
most species the centromeres assemble at repetitive sequences. However, these 
sequences are neither necessary nor sufficient for centromere function. Instead 
centromere identity relies largely on chromatin features.  
 
In most eukaryotes, the centromeres contain two types of chromatin: the centric 
chromatin, which serves as the site of kinetochore formation, and the surrounding 
pericentric heterochromatin (Figure 2 and Figure 5). The pericentric heterochromatin is 
constitutive heterochromatin, which is highly methylated on DNA and enriched in 
hypoacetylated histones, H3K9me2/3, and HP1 protein. The formation of the 
pericentric heterochromatin is dependent on the RNAi interference (RNAi) machinery 
in S. pombe (Volpe et al., 2002). The heterochromatin is important, but not essential for 
centromere function (Folco et al., 2008). The centric chromatin has a unique chromatin 
structure that is characterized by the incorporation if the centromere-specific histone H3 
variant CENP-A. This histone variant forms the basis for kinetochore assembly and is 
essential for centromere function in all organisms. In metazoans, blocks of CENP-A-
containing nucleosome are interspersed with nucleosome containing canonical histone 
H3 as well as CENP-T/W/S/X “nucleosomes” (Nishino et al., 2012).   
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Figure 5. Schematic presentation of a S. pombe centromere. ChIP-chip data for Cnp1CENP-A (pink) and H3K9me2 
(black). Centric chromatin (consisting of imr repeats and cnt) is occupied by the histone H3 variant Cnp1
CENP-A
 and 
surrounded be pericentric heterochromatin with H3 methylated on lysine 9. Modified with permission from (Stralfors et 
al., 2011)  
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6 NUCLEAR ORGANIZATION AND INSULATORS 
The cell nucleus is a structurally and functionally complex organelle with a non-
random positioning of chromosomal loci and other nuclear components. This non-
random positioning is believed to place genomic loci into functionally distinct nuclear 
compartments. Some compartments seem to favor transcription whereas others favor 
silencing. One important aspect of this organization is the interactions between 
chromatin and the nuclear periphery. Several studies from different organisms have 
shown that nuclear periphery is a repressive environment and that chromatin near the 
nuclear membrane contains repressive chromatin marks and silent or lowly expressed 
genes (Guelen et al., 2008; Pickersgill et al., 2006; Steglich et al., 2012). Remarkably, 
the borders of these peripheral-associated domains are highly enriched for insulators 
(Guelen et al., 2008; van Bemmel et al., 2010; Zullo et al., 2012) and this has led to a 
model in which insulators orchestrate genome organization. 
 
6.1 INSULATOR ELEMENTS 
Chromatin insulators are regulatory elements that protect genes from their surrounding 
environment (reviewed in (Strålfors and Ekwall, 2012)). They recruit proteins to either 
establish boundaries between adjacent chromatin domains (e.g. stopping the spread of 
heterochromatin into euchromatic domains), or to block the communication between 
enhancer elements and nearby promoters. Insulator elements are abundant throughout 
the eukaryotic genomes. For example, the insulator protein CTCF is bound to 
thousands of independent sites on the Drosophila chromosomes and tens of thousands 
of sites in human cell lines (Van Bortle and Corces, 2012). 
 
6.1.1 TFIIIC-bound elements 
One important class of insulators are TFIIIC-bound elements, which are the only 
described insulators conserved from yeast to human. TFIIIC is a transcription factor for 
the RNA polymerase III (Pol III) complex, which transcribes e.g. tRNA genes. Its 
insulating activity was first shown in S. cerevisiae at the silent mating type locus, HMR. 
This locus is surrounded by euchromatic genes that need to be insulated from the 
repressive chromatin.  Molecular studies of the border between active and silent 
domains led to a demonstration that the insulating activity was due to a tRNA gene that 
blocked the spreading of heterochromatin into adjacent euchromatin and thereby 
protected nearby genes (Donze and Kamakaka, 2001). Furthermore, it was shown that 
the insulating activity of the tRNA gene required TFIIIC binding (Donze and 
Kamakaka, 2001). Since then, TFIIIC-bound tRNA genes have been shown to have 
insulating activities also in S. pombe and mammalian cells (Raab et al., 2012; Scott et 
al., 2006). Interestingly, TFIIIC is not only found at tRNA genes but also at regions 
depleted of Pol III. These sites are called ETC (Extra-TFIIIC) or COC (chromosome-
organizing clamps) and also show insulating activities (Moqtaderi and Struhl, 2004; 
Moqtaderi et al., 2010; Noma et al., 2006). Thus, TFIIIC has an evolutionary conserved 
function in insulating chromatin domains.  
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6.1.2 CTCF 
CTCF is another well-described insulator protein present in metazoans. It is a DNA-
binding protein that was originally identified as a transcription factor. Further 
characterization showed that CTCF is located at known insulator elements and has an 
enhancer-blocking activity (Valenzuela and Kamakaka, 2006). Its enhancer-blocking 
activity is thought to be mediated by chromatin loops - two CTCF molecules interact 
with each other and thereby generate chromatin loops that position the enhancer and 
promoters in separate loops, preventing them from communicating. Recent studies have 
shown that CTCF also can promote communication between regulatory elements 
(Handoko et al., 2011). Hence, CTCF appear to have major roles in controlling gene 
expression. Furthermore, CTCF binding sites appear to change during development, 
indicating that CTCF generates cell-specific chromatin interactions that guide gene 
expression programs (Handoko et al., 2011).  
 
Recent studies have reported significant enrichment of CTCF at boundaries between 
topological domains. For example, CTCF is found between domain of different 
transcription activities and epigenetic marks (Handoko et al., 2011). Specifically, CTCF 
demarcates chromatin-nuclear membrane attachment (Guelen et al., 2008) and 
boundaries between euchromatin and heterochromatin (Cuddapah et al., 2009). Thus, 
CTCF appears to be one of the main organizers of the genome.    
 
 
6.2 ORGANIZING THE 3D STRUCTURE OF CHROMATIN 
Most, if not all, known insulator elements can mediate long-range intra- and 
interchromosomal interactions across the genome, through insulator-insulator contacts 
(reviewed in (Van Bortle and Corces, 2012)). For example, high-throughput 3C-based 
techniques showed that tRNA genes in S. cerevisiae were significantly enriched for 
interactions with other tRNA genes (Duan et al., 2010). Furthermore, nuclear staining 
of insulator proteins show a clear concentration of insulators at distinct nuclear foci, 
often near the nuclear periphery, indicating that they interact with and localize to 
structural elements within the nucleus (Van Bortle and Corces, 2012). By doing this, 
the insulator elements tether associated chromatin to defined nuclear compartments 
(Figure 6). Different nuclear compartments would contain high concentrations of 
different enzymes and other factors and thereby, depending on which factors present in 
the particular compartment, provide a transcriptionally repressive or permissive 
environment. Recent evidence suggests that different insulators collaborate with each 
other. For example, CTCF and TFIIIC may cluster together to efficiently recruit 
essential cofactors important for robust insulation and stable long-range interactions 
(Van Bortle and Corces, 2012). Moreover the insulator-chromatin contacts seem to 
change during development, indicating that developmentally regulated genes are 
dynamically targeted by insulators to specific nuclear subcompartments favoring either 
transcriptional repression or activation (Van Bortle and Corces, 2012). These findings 
suggest that insulator elements play major roles in the three dimensional organization 
of chromatin.  
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6.3 CONDENSIN AND COHESIN 
Cohesin and condensin are two multiprotein complexes that form ring-like structures 
that hold DNA helices together. Cohesin holds sister chromatids together from S phase 
until mitosis while condensin compacts chromosomes during mitosis (Wood et al., 
2010). However, both complexes also have roles during interphase. It was recently 
found that the interphase binding sites of cohesin largely coincide with those of CTCF 
in human cells (Wendt et al., 2008). Giving its ability to hold DNA helices together, it 
has been suggested that cohesin stabilizes chromatin loops arranged by CTCF. 
Similarly, TFIIIC-binding sites are associated with cohesin in mouse embryonic stem 
cells and human cells (Carriere et al., 2012; Moqtaderi et al., 2010). In fission and 
budding yeast, TFIIIC sites function as loading sites for condensin (D'Ambrosio et al., 
2008; Iwasaki et al., 2010). Thus, condensin and cohesin appear to play fundamental 
roles at insulators and help regulating interphase genome organization.  
 
 
6.4 CHROMATIN REMODELERS AND INSULATORS 
The role of ATP-dependent chromatin remodeling complexes at insulators has so far 
not been extensively studied. However, there are some reports indicating that they have 
important functions in remodeling chromatin at insulator elements. For example the 
human CHD-remodeler CHD8 interacts in vitro and in vivo with CTCF and is found at 
many CTCF-binding sites (Ishihara et al., 2006). Further analyses showed that CHD8 is 
recruited to these sites via CTCF, but depletion of CHD8 abolishes CTCF insulator 
activity. These results suggest that remodeling of insulator elements by CHD8 is 
essential for proper insulation.  
 
Figure 6. Insulators organize the chromatin. 
Insulating proteins binds to insulator elements and 
anchor chromatin domains to structural elements within 
the nucleus (e.g. nuclear membrane).  
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TFIIIC-bound insulators have also been associated with chromatin remodeling 
complexes. In S. cerevisiae the SWI/SNF remodeling complex Rsc is recruited to 
tRNA genes and removes nucleosomes from them, forming a histone-depleted region 
(Dhillon et al., 2009). This nucleosome-depleted region is required for proper barrier 
insulation. Furthermore, direct recruitment of remodeling factors to a synthetic 
insulator is sufficient to block the spread of silent chromatin in S. cerevisiae (Oki et al., 
2004). The function of the Fun30-remodeler Fft3 at TFIIIC bound insulators has been 
studied in paper III and IV in this thesis.  
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7 METHODS 
7.1 SCHIZOSACCAROMYCES POMBE 
In this thesis, all experiments have been performed in Schizosaccharomyces pombe. S. 
pombe, also known as fission yeast, is a rod-shaped unicellular yeast that grows by tip 
elongation and divides by medial fission (hence its name). It has a relatively small 
genome, approximately 14 million bp, containing close to 5000 protein coding genes, 
divided between three chromosomes. The relatively large chromosomes share 
numerous features with the human chromosomes. They have large and complex 
centromeres containing repetitive sequences; “typical” heterochromatin and epigenetic 
silencing mechanisms; large replication origins; and conserved telomere proteins. 
These features have made fission yeast the model of choice for studying eukaryotic 
chromosome structure.  
 
 
7.2 CHROMATIN IMMUNOPRECIPITATION 
Chromatin immunoprecipitation (ChIP) is one of the most commonly used methods for 
analyzing DNA-protein interactions. In summary, protein-DNA interactions are fixed 
by e.g. formaldehyde. The cross-linked DNA is then fragmented by sonication to 
approximately 300-500 bp. Other methods for fragmentation, e.g. MNase digestion, can 
be used. After this, the chromatin extracts are incubated with antibodies specific for the 
protein you want to study, and the antibody-protein-DNA complex is pulled down by 
protein A beads. After several washes of the antibody-protein-DNA complex, the cross-
linking is reversed and the immunoprecipitated DNA is precipitated.  
 
The immunoprecipitated DNA can be identified by PCR or by tiling microarrays. ChIP 
combined with microarray (ChIP-chip) gives the genome-wide localization of the 
protein studied and is a powerful tool for understanding the potential roles and 
mechanisms of DNA binding proteins. In recent years, tiling microarrays are starting to 
be replaced by high-throughput sequencing methods.  
 
7.3 DAM-ID  
DamID is a method analogous to chromatin immunoprecipitation (Vogel et al., 2007). 
The technique is based on the creation of a fusion protein consisting of Escherichia coli 
DNA adenine methyltransferase (Dam) and the protein you want to study. Dam 
methylates adenine in the sequence GATC, a modification that is not present in most 
eukaryotes. When the fusion protein is expressed Dam will be targeted to the native 
binding sites of the protein of interest. This will result in methylation of nearby GATC 
sequences. In paper IV of this thesis, we fused Dam to the inner nuclear membrane 
protein Man1, which results in methylation of DNA in close proximity to the nuclear 
membrane. The methylated sequences are subsequently amplified by methylation 
specific PCR and identified by hybridization to microarrays (Figure 7).  
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In the methylation specific PCR, methylated DNA fragments are cut between GA
me 
and 
TC nucleotides with the methylation-sensitive restriction enzyme DpnI. This results in 
blunt-ended DNA fragments with 5’ TC and 3’GA
me 
. In the next step, a double-
stranded adaptor is ligated to the blunt ends. The adaptors have a 32 bp 5’overhang to 
ensure directional ligation. All unmethylated GATC is then cleaved with DpnII, which 
only recognizes and cut unmethylated DNA. Finally, a PCR reaction, with primers 
identical to the 3’ end of the adaptor plus the first two nucleotides (TC) of the DNA 
fragments, amplifies the methylated DNA sequences.  Only DNA fragments that have 
been methylated and cut by DpnI on both sides, and thus have the adaptor ligated to 
both sides, will be amplified. The amplified DNA can then be fragmented, labeled and 
hybridized to microarrays.  
 
The Dam-fusion protein is never perfectly targeted to the native binding sites and this 
could cause background methylation of non-target sites. Moreover, depending on their 
genomic location, some GATCs are more accessible to Dam then others. These 
background problems are corrected for by including a parallel control experiment with 
unfused “free” Dam.   
 
 
Figure 7. Principle of amplification of methylated fragments with the DamID protocol. 
Methylated GATC sequences (Me) are cut with DpnI. An adaptor (pink) is ligated to ends cut 
by DpnI and unmethylated GATC sequences are cut with DpnII. Fragments with adaptor 
ligated on both sides are amplified with PCR.  
  30
7.3.1 Comparison between DamID and ChIP 
DamID has some advantages over ChIP. First it is not dependent on the availability of 
high-quality antibodies, which in theory makes it applicable to any protein. 
Furthermore, it does not require cross-linking of the DNA and this eliminates potential 
cross-linking artifacts. However, the DamID requires a fusion protein, which might not 
behave the same as the endogenous protein. Also, as the DamID experiment represents 
the average binding of the protein over a time period of ~24h or more, it is not suitable 
for e.g. time-course experiments. Moreover, it cannot be used for mapping post-
translation modifications of e.g. histones. The resolution of the DamID experiment 
depends on the frequency of GATC sequences in the genome (on average every 0.2-2.5 
kb), whereas the resolution of ChIP depends on the fragmentation method used (e.g. 
sonication).  
 
 
7.4 GENOME-WIDE MAPPING OF NUCLEOSOME POSITIONS 
DNA is relatively protected in the nucleosome but is more accessible in linker regions. 
Consequently, there exist various enzymes and reagents that cleave linker DNA but 
leave nucleosomal DNA intact. These can be used to assay nucleosome positioning in 
chromatin. Most commonly used is micrococcal nuclease (MNase), but other enzymes 
(such as DNaseI) or chemical reagents (e.g. methidiumpropyl-EDTA) can be used 
(Thoma, 1996). Until recently, nucleosome positions were analyzed by small-scale 
locus specific techniques, but now it has become possible to determine nucleosome 
positions genome-wide by the use of microarrays or high-throughput sequencing.  
 
In paper I of this thesis the method described in (Lantermann et al., 2009) has been 
used to map genome-wide positions of nucleosomes in S. pombe. Briefly, chromatin is 
digested with MNase and mononucleosomal DNA is purified and hybridized to high-
resolution tiling microarrays. Before hybridization, the DNA fragments need to be 
further fragmented from ~150 bp to an average length of 50 bp. This step is necessary 
to avoid a shift of nucleosome position due to bias of stronger hybridization at borders 
of the nucleosome core (Lantermann et al., 2009). As a control for hybridization 
efficiency, whole-genome DNA is analyzed and used for normalization. 
 
A well-positioned nucleosome will give a high signal over a continuous series of 
probes covering around 120-140 bp of DNA. If the position of the nucleosome varies 
within the cell population, the peak will be broader and cover more probes. Conversely, 
a nucleosome free region will show low hybridization signal and a negative peak.  
 
 
7.5 S. POMBE TILING 1.0FR ARRAY 
DNA microarray technologies have been developed to interrogate thousands of nucleic 
acid probes in parallel. Throughout this thesis, GeneChip S. pombe 1.0FR Arrays 
from Affymetrix has been used. This array is a tiling microarray, meaning that its 
probes cover the entire S. pombe genome, including both coding and non-coding 
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regions and centromeres. The probes are 25 bp long and have a 5 bp overlap, giving a 
resolution of 20bp (www.affymetrix.com).  
 
RNA and DNA samples were fragmented, labeled, hybridized and scanned by our core 
facility, BEA (www.bea.ki.se). For data analysis TAS (Transcription Analysis 
Software), IGB (Integrated Genome Browser) and R/Bioconductor were used.    
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8 RESULTS AND DISCUSSIONS 
8.1 PAPER I: SCHIZOSACCHAROMYCES POMBE GENOME-WIDE 
NUCLEOSOME MAPPING REVEALS POSITIONING MECHANISMS 
DISTINCT FROM THOSE OF SACCHAROMYCES CEREVISIAE. 
Genome-wide maps of nucleosome positions have been generated for several 
organisms and they all show striking similarities in nucleosome positions at gene 
promoters (reviewed in (Piatti et al., 2011)). Just upstream of the transcription start site 
(TSS) you often find a broad (100-200 bp) nucleosome depleted region (NDR) that is 
flanked up- and downstream by well-positioning nucleosomes (denoted the -1 and +1 
nucleosome). In yeast, the +1 nucleosome is typically followed by an array of regularly 
spaced nucleosomes extending into the gene body. In this paper we provide the first 
genome-wide nucleosome positioning map for S. pombe and compare it to published 
maps from S. cerevisiae. 
 
To generate the genome-wide map of nucleosome positions we prepared 
mononucleosomal DNA by digesting chromatin with MNase and hybridized it to tiling 
microarrays. When analyzing the data we observed that the nucleosome position 
pattern at promoter regions was very similar to the pattern described in S. cerevisiae. 
We observed a NDR upstream transcriptional start site and a regular nucleosomal array 
downs stream of the TSS with a well-positioned +1 nucleosome. However, there were 
also several differences between the two yeast species. The nucleosome repeat length 
was considerably shorter in S. pombe (154 bp in S. pombe and 167 bp in S. cerevisiae) 
and most genes in S. pombe lacked the upstream nucleosomal array found in S. 
cerevisiae. To further analyze promoter regions we clustered promoters on the basis of 
their nucleosome occupancy pattern. We found six clusters and the most striking 
difference between them was the size of the NDR region. Interestingly, clusters with a 
deeper NDR had significantly higher expression levels. However, this correlation was 
not as strong when performing gene-by-gene correlation of promoter nucleosome 
occupancy and gene expression level.   
 
We could also show that the regular nucleosome array downstream TSS is linked to 
transcription. First, arrays are only observed after promoter NDRs and not after other 
types of NDRs. Second, the arrays are formed in the transcriptional orientation and Pol 
II enrichment underlies the arrays. Third, the length of the transcripts correlates with 
the lengths of the arrays. Short open reading frames have short arrays and long genes 
have long arrays. Finally, silent genes do not display any nucleosomal array.  
 
Nucleosomes can form on virtually any DNA sequence, but it is clear that some 
sequences are more readily bound to the histone octamer than others. These sequence 
preferences have been used to design computer models that predict nucleosome 
occupancy fairly accurate from DNA sequence alone (Kaplan et al., 2009). To test if 
this is true also for S. pombe we trained the N-score algorithm (Yuan and Liu, 2008) on 
hybridization data from S. pombe and S. cerevisiae and applied both model versions to 
the genome sequences of both yeasts. The computer algorithm could predict the NDR 
and overall nucleosome occupancy well for the species it was trained for, but 
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performed considerably worse when applied cross species. Moreover, several studies 
have shown that poly(dA-dT) sequences are strong nucleosome exclusion signal in S. 
cerevisiae (Yuan et al., 2005). We did not observe this in S. pombe. Instead we found 
that NDR are enriched for the sequence CGTTA. Hence, the DNA sequence seems to 
guide nucleosome positioning differently in the two yeasts. This argues for species-
specific nucleosome positioning factors that override purely biophysical DNA sequence 
properties.  
 
In S. cerevisiae, ATP-dependent chromatin remodelers have been shown to position 
nucleosomes onto energetically unfavorable DNA sequences. For example, deletion of 
isw1, isw2 and chd1 results in impaired nucleosomal arrays (Gkikopoulos et al., 2011). 
S. pombe lacks ISWI remodelers, but has three CHD remodelers, Mit1, Hrp1 and Hrp3 
(see Figure 4). Here, we investigated the role of Mit1 in nucleosome positioning and 
found that cells lacking Mit1 display less pronounced nucleosomal arrays downstream 
of the TSS compared to wild type. However, with improved methodology, we could, in 
a later study, not detect any substantial differences between wild type and mit1 cells 
(Pointner et al., 2012). So, we now conclude that Mit1 does not play a major role in 
nucleosome positioning in S. pombe. However, the other two CHD remodelers, Hrp1 
and Hrp3, appear to be essential for linking regular arrays to most TSSs (Pointner et al., 
2012). However, the remodelers did not affect the NDR or the +1 nucleosome, so the 
factors determining them still need to be identified.  
 
In summary, comparing genome-wide maps of nucleosome positions between the two 
yeasts S. cerevisiae and S. pombe revealed different mechanisms of nucleosome 
positioning. The two yeasts showed differences in nucleosome spacing, the roles of 
DNA sequence features and in the regular nucleosome arrays. This argues for an 
evolutionary plasticity of nucleosome positioning mechanisms and against the 
existence of a universal nucleosome positioning code.  
 
 
8.2 PAPER II: IDENTIFICATION OF NONCODING TRANSCRIPTS FROM 
WITHIN CENP-A CHROMATIN AT FISSION YEAST CENTROMERES. 
The histone variant CENP-A replaces histone H3 in centromeric chromatin and is 
essential for kinetochore formation and accurate chromosome segregation. It is not 
clear how CENP-A is specifically delivered to and assembled into centromeric 
chromatin, although our lab have previously shown that the CHD remodeling factor, 
Hrp1, has a role in this (Walfridsson et al., 2005). Hrp1 also has a role in transcription 
where it removes histone H3 at a subset of gene promoters (Walfridsson et al., 2007). 
In this study we investigate the function of Hrp1 and transcription at centromeric 
chromatin.  
 
Fission yeast centromeres consist of a central core domain (over which CENP-A
Cnp1
 
and the kinetochore assembles) and surrounding pericentric heterochromatin. 
Placement of an arg3+ gene within the central domain results in its transcriptional 
silencing. We found that this silencing was partially impaired in hrp1 cells, and fully 
abolished when hrp1 was combined with mutations of either of the kinetochore 
proteins Mis6 and CENP-A
Cnp1
. Consistent with this, we show that the level of CENP-
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A
Cnp1
 was reduced and H3 increased at central domain in hrp1 cells. These results are 
consistent with earlier observations that Hrp1 is required for correct CENP-A
Cnp1
 
deposition. 
 
Our genome-wide ChIP-chip data revealed that CENP-A
Cnp 
is not only present at 
centromeric chromatin but also at a subset of gene promoters. Interestingly, a 
significant amount of these promoters are promoters at which Hrp1 acts to disassemble 
H3-containing nucleosomes. Moreover, CENP-A
Cnp1
 enrichment was reduced at some, 
but not all, of these promoters in hrp1 cells. These results indicate that Hrp1 
participates in a remodeling process that evicts H3 from promoters, which then 
facilitates CENP-A
Cnp1
 incorporation. These results led us to the hypothesis that 
centromeric chromatin might also have promoter element where Hrp1 removes H3. To 
explore this we first wanted to investigate if the central cores of the S. pombe 
centromeres are transcribed. Using RT-PCR, we could not detect any transcript in wild 
type cells. However, several studies have observed that cryptic transcripts are degraded 
by exoribonucleases and that their stability depends on 3’end processing (Houseley and 
Tollervey, 2009). We therefore looked for centromeric transcripts in mutants of Psf2 
(polyadenylation factor I subunit 2), Dhp1 (a 5’-3’-exoribonuclease) and Dis3 (a 3’-5’ 
exoribonuclese in the exosome). Indeed, using these mutant strains, we could detect 
RNA homologous to the central domain. Hence, the central domain is transcribed but 
the transcripts are normally undetectable due to rapid turnover. We named these 
transcripts TUKs (Transcripts from Under Kinetochore).  
 
Interestingly, Northern blot analysis revealed that TUKs were also detected in cells 
carrying mutations in CENP-A
Cnp1
 and other kinetochore proteins (Mis6, Mis16, and 
Mis18), suggesting that an intact CENP-A
Cnp1
 chromatin inhibits transcription of 
TUKs. Moreover, we could, using 5’RACE-PCR, demonstrate that the TUKs were 
produced from the central domain and made by read through from outer repeat 
transcripts. We also showed that TUKs are poly-adenylated and 5’-capped and 
therefore probably produced by RNA polymerase II. Together, these analyses indicate 
that cryptic transcription is prevalent in the central kinetochore domain of S. pombe and 
revealed only in cells defective in RNA turnover or formation of subkinetochore 
chromatin.  
 
To conclude, this paper demonstrates an analogy between the subkinetochore CENP-
A
Cnp1
-contaning chromatin of centromeres and genes whose promoters are associated 
with Hrp1. Since Hrp1 promotes eviction of H3, which facilitates CENP-A
Cnp1
 
incorporation, at these promoters, we suggest that a similar process occurs at promoters 
within the centromeres. We suggest that transcription through centromeric chromatin 
evicts histone H3, which then facilitates CENP-A incorporation.  
 
It is known that CENP-A
Cnp1
 competes with histone H3 for incorporation into 
centromeric chromatin (Castillo et al., 2007) and in a recent paper we showed that 
factors such as FACT and Clr6-CII, which actively promote the integrity of H3 
chromatin during Pol II transcription, prevent the incorporation of excess CENP-A
Cnp1 
(Choi et al., 2012). We therefore propose that CENP-A
Cnp1
 is opportunistic in nature 
and its assembly into chromatin is strongly affected by its availability relative to histone 
H3. Thus, factors that promote transcription-coupled recycling of H3 nucleosomes (e.g. 
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FACT) prevent incorporation of CENP-A
Cnp1
, while factors that disassemble H3 
nucleosomes (e.g. Hrp1) promote CENP-A
Cnp1
 assembly.  
 
 
8.3 PAPER III: THE FUN30 CHROMATIN REMODELER, FFT3, 
PROTECTS CENTROMERIC AND SUBTELOMERIC DOMAINS FROM 
EUCHROMATIN FORMATION. 
The Fun30 chromatin remodeler was first identified in a screen for genes that affect 
chromosome stability in S. cerevisiae (Ouspenski et al., 1999). This prompted us to 
investigate if the S. pombe homolog, Fft3, also has a role in chromosome stability. We 
observed that cells where fft3 is deleted display a high rate of unequal chromosome 
segregation and reduced central core silencing, indicating malfunctioning centromeres. 
Furthermore, we found that the remodeler was highly enriched over the central domain 
of the three centromeres, suggesting that Fft3 has a direct role in maintaining 
centromere integrity. Fft3 was depleted from the pericentric heterochromatin, which 
surrounds the central core region. The most prominent peaks of Fft3 enrichment were 
found at centromeric insulator elements, both at the transition between the central core 
and the pericentric heterochromatin and at the border between pericentric 
heterochromatin and the surrounding euchromatin.  
 
The localization of Fft3 suggests that the remodeler could have a function at insulator 
elements, which block the spreading of chromatin domains beyond their natural 
borders. To test this, we analyzed the distribution of histone H3, Cnp1 and H2A.Z in 
fft3 cells. These data revealed that in the absence of Fft3, H3 spreads beyond its 
normal boundary into the central core domain. Concurrently, the Cnp1 domain shrinks, 
and H2A.Z becomes incorporated. Surprisingly, the H3 that was incorporated into the 
central core region was, unlike the surrounding heterochromatin, not methylated at 
lysine 9 (H3K9me), but was instead acetylated at this residue. In agreement with this 
we also found that acetylation of K12 of histone H4 (H4K12Ac) increased in the 
central domain in fft3 cells. Thus, our data shows that the properties of the central 
domain are altered and show a more active chromatin structure in the fft3 mutant. 
 
Expression profiling of fft3 cells revealed that 61 genes were upregulated and 15 
genes were downregulated in fft3 versus wild type (using a 2-fold cutoff). 
Interestingly more than 60% of the upregulated genes lay within 100 kb of the 
chromosome ends, i.e. within subtelomeric regions. Thus, Fft3 appears to affect the 
silencing of subtelomeric genes. 
 
Interestingly, the most prominent noncentromeric peaks of Fft3 enrichment were seen 
at the border of the subtelomeres, at the transition between euchromatin and silent 
subtelomeric chromatin, strongly suggesting that Fft3 has a function at subtelomeric 
insulator elements. To explore this, we performed ChIP-chip experiments for two 
euchromatic marks, H2A.Z and H4K12Ac, which are normally depleted from 
subtelomeric chromatin. Remarkably, the ChIP-chip data showed that when Fft3 is 
removed, both H2A.Z and H4K12Ac expand beyond the euchromatin domain into the 
subtelomeric chromatin. From these results, we conclude that Fft3 marks the boundary 
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between euchromatin and subtelomeres and that the remodeler has are role in insulating 
subtelomeres from surrounding euchromatin domains.  
 
At the left subtelomere on chromosome II, the transition from euchromatin to 
subtelomeric chromatin coincides exactly with the presence of four long terminal 
repeats (LTRs) located just upstream of the promoter of four copies of one gene 
encoding a membrane transporter. Fft3 is present at the four LTR elements but not at 
the membrane transporter genes. We observed that the H3 density over these elements 
changes in fft3 cells, indicating that Fft3 remodels the chromatin over this putative 
insulator element. This remodeling appears to be essential for maintaining an accurate 
silent chromatin structure at subtelomeres.  
 
In summary, we have found that the Fun30 remodeler, Fft3, regulates the chromatin 
structure over insulator elements and thereby ensures correct chromatin structure and 
gene expression of silent domains. When Fft3 is absent, euchromatin invades the 
centromeres and subtelomeres, causing a change in histone modification, incorrect 
incorporation of histone variants, mis-regulation of gene expression, and severe 
chromosome segregation effects. Similar observations have later been seen in S. 
cerevisiae (Durand-Dubief et al., 2012). The mechanism that Fft3 uses to insulate 
chromatin domains is further explored in paper IV.  
 
 
8.4 PAPER IV: THE FUN30 CHROMATIN REMODELER FFT3 CONTROLS 
THE SPATIAL ORGANIZATION OF POL III GENES AND 
SUBTELOMERES IN THE FISSION YEAST NUCLEUS.  
In paper III we showed that the Fun30 chromatin remodeler Fft3 has an important role 
in insulating chromatin domains from euchromatic surroundings. For example, we 
showed that subtelomeric genes on chromosome I and II became upregulated in an 
fft3 mutant (Stralfors et al., 2011). To investigate this further, we performed a ChIP-
chip analysis of RNA polymerase II (Pol II), and in agreement with the expression 
analysis we saw a clear increase of Pol II enrichment at all subtelomeres. We also 
observed an increase in two active chromatin marks typically not present at 
subtelomeres (H4K12Ac and H2A.Z). Thus, Fft3 affects the silent chromatin structure 
of subtelomeres.  
 
A recent study from our lab showed that subtelomeres are in close proximity to the 
nuclear envelope (Steglich et al., 2012). The same study also suggested that the nuclear 
periphery is a repressive environment refractory to gene expression. This led us to 
hypothesize that the change in chromatin modifications and gene expression of 
subtelomeres in fft3 cells might coincide with a change in their peripheral association. 
To test this, we performed a DamID experiment in which we mapped DNA in close 
proximity to the inner nuclear membrane protein Man1. As expected, we found that 
subtelomeres in wild type cells were enriched for Man1, indicating that they are in 
close proximity to the nuclear membrane. However, this association was lost in fft3 
cells, which instead showed a depletion of Man1 at subtelomeres. This result strongly 
suggests that the subtelomeres lose their membrane association in the absence of the 
Fft3 remodeler.  
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The transitions between subtelomeric chromatin and the euchromatic chromosome 
arms are marked by LTR elements. Interestingly, Fft3 is enriched over these elements. 
In fact, Fft3 is highly enriched over most LTR elements in the genome. Interestingly, 
LTR elements are also associated with Man1, indicating that they are located at the 
nuclear periphery. Many LTR elements reduce this membrane association in fft3 cells. 
Hence, Fft3 is not only present at LTR elements but also plays a functional role in their 
peripheral localization.      
 
To explore if the effects of Fft3 depend on its ATP-dependent remodeling activity we 
created a mutant strain carrying a point mutation (K418R) in the ATPase domain that 
results in a catalytically inactive enzyme. The ATPase mutant was expressed at similar 
levels to the wild type protein and was recruited to the same locations. Nevertheless, 
the ATPase mutant displayed the same phenotypes as the full deletion of the gene, e.g. 
subtelomeric genes were upregulated. This result strongly suggests that ATP-dependent 
chromatin remodeling by Fft3 is required to maintain a silent chromatin structure at 
subtelomeres.   
 
When searching for other genomic loci that could be affected by Fft3 we found that the 
remodeler is enriched over tRNA genes. In addition, Fft3 co-localizes with the RNA 
Polymerase III and its transcription factor, TFIIIC, which are components of the 
machinery that transcribes tRNA genes. Moreover, we discovered, using a yeast-two 
hybrid screen and CoIP, that Fft3 physically interacts with a subunit of TFIIIC, Sfc4. 
Interestingly, we found that tRNA genes have significantly higher levels of Man1-
DamID signals compared to the rest of the genome, indicating that they are localized 
close to the nuclear membrane. Remarkably, this association was lost in the fft3 
mutant. Thus, Fft3 appears to affect the nuclear organization of several genomic 
elements, e.g. subtelomeres, LTR elements and tRNA genes.  
 
DNA loci that are in close proximity to nuclear pores were recently mapped in S. 
pombe (Woolcock et al., 2012). When analyzing this data set we found that the DNA 
regions enriched in Nup85-DamID overlap with Fft3 targets. For example, both tRNA 
genes and LTR elements are strong Nup85-DamID targets. To test if nuclear pores, like 
Fft3, insulate subtelomeric chromatin we measured gene expression of two 
subtelomeric genes in a nup61 mutant. Interestingly, we found that the subtelomeric 
genes were upregulated in nup61 cells, though the increased expression was not as 
pronounced as in fft3 mutant cells. Thus, these results show that targets of Fft3 are 
localized to and depend on components of the nuclear pores. 
 
Fft3 is located at borders between chromatin domains (Stralfors et al., 2011) and two of 
the main targets of Fft3, tRNA genes and LTR elements, seem to function as insulators 
(Carabana et al., 2011; Kirkland et al., 2012). Most, if not all, known insulator elements 
can mediate long-range intra- and interchromosomal interactions across the genome, 
through insulator-insulator contacts (reviewed in (Van Bortle and Corces, 2012)). 
Furthermore, clusters of insulators often interact with structural elements within the 
nucleus, e.g. nuclear pores. By doing this, the insulator elements tether associated 
chromatin to defined nuclear compartments. Here, we show that tRNA and LTR 
elements are localized to nuclear pores and since Fft3 is required for tethering tRNAs, 
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and to a certain extent also LTR elements, to the nuclear periphery it is possible that 
remodeling by Fft3 has a role in anchoring these regions to the pores. This would 
organize the chromatin into different domains and protect them from neighboring 
chromatin. We therefore propose that Fft3 is important for both spatial and functional 
organization of chromatin in S. pombe.  
  39
9 CONCLUSIONS 
In this thesis we have shown that: 
 
• Intrinsic DNA sequence properties do not provide an evolutionarily conserved 
genomic code for nucleosome positioning. Instead, species-specific nucleosome 
positioning factors (e.g. chromatin remodeling factors) appear to override the 
biophysical properties of the DNA sequence.   
 
• Transcription from promoters, both in euchromatin and within centromeric 
chromatin, promotes eviction of histone H3 through the associated remodeling 
factor Chd1
Hrp1
. This facilities the incorporation of the H3 variant CENP-A
Cnp1
. 
 
• The Fun30 remodeler, Fft3, regulates the chromatin structure over insulator 
elements and thereby ensures correct chromatin structure and gene expression 
of silent domains (e.g. subtelomeres and centromeres). 
 
• Fft3 has important roles in the spatial and functional organization of chromatin. 
It anchors insulator elements to the inner nuclear membrane close to nuclear 
pores. This organizes the chromatin into different domains and protects them 
from neighboring chromatin. 
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